Operational stability is the main issue hindering the commercialisation of perovskite solar cells. Here, a long term light soaking test was performed on large area hybrid halide perovskite solar cells to investigate the morphological and chemical changes associated with the degradation of photovoltaic performance occurring within the devices. Using Scanning Transmission Electron Microscopy (STEM) in conjunction with EDX analysis on device cross sections, we observe the formation of gold clusters in the perovskite active layer as well as in the TiO2 mesoporous layer, and a severe degradation of the perovskite due to iodine migration into the hole transporter. All these phenomena are associated with a drastic drop of all the photovoltaic parameters. The use of advanced electron microscopy techniques and data processing provides new insights on the degradation pathways, directly correlating the nanoscale structure and chemistry to the macroscopic properties of hybrid perovskite devices.
Over the last few years, organic-inorganic perovskite based solar cells have attracted strong interest due to their excellent photovoltaic properties, resulting in an unprecedented rise in power conversion efficiency 1 . One of the fundamental challenges the community is facing today concerns the stability of the cells [2] [3] [4] [5] . Intrinsic and extrinsic degradation processes underlying the drop in device performance have been widely investigated using macroscopic characterization tools 6-8 , and several studies reported humidity 9, 10 , temperature 11, 12 and light exposure [13] [14] [15] into the mesoporous and compact perovskite layer using a ToF-SIMS approach 17 .
In order to establish a direct connection between illumination and irreversible degradation of photovoltaic performance it is essential to investigate how the morphology and chemical composition of the nanostructured active layers are affected by light soaking under electrical bias.
Imaging and analytical tools with high spatial resolution are necessary in order to measure changes that happen at nanometer scale.
In this work we report a study of the effect of light soaking on large area hybrid perovskite solar cells, using Scanning Transmission Electron Microscopy in conjunction with Energy Dispersive X-ray spectroscopy (STEM-EDX), and characterizing, at the nanoscale, the chemical changes that occur within devices illuminated for 200 hours under dynamical bias. The large area solar cells (1.05 cm 2 ) are fabricated using solvent engineering 18 , in an established architecture: fluorine doped tin oxide (FTO) coated glass / compact TiO2 / mesoporous TiO2 / perovskite / Spiro-OMeTAD/ Au. In order to improve hole transport, FK209 -a cobalt based compound -was employed as Spiro-OMeTAD dopant 19 . The devices were sealed according to a previously published method 20 , to protect the cells from contamination and moisture, thus preventing cell degradation due to extrinsic factors. In this work we investigated the behavior of an "early failed" cell, to evaluate the phenomena leading to the cell breakdown.
We compared an as-produced device aged in dark, in open circuit configuration, with an identical device that was exposed to a light soaking stability test for 200 hours, under 1 sun of illumination, at room temperature and dynamically biased at Maximum Power Point (MPP). A white light LED source was chosen in order to avoid possible degradation due to UV and IR radiation, limiting the optical excitation to the visible spectrum. The main photovoltaic parameters were recorded every 20 minutes with an I-V scan. The overall trends are reported in Figure 1a The effect of the light soaking stability test over the main physical processes of the device was investigated with a set of steady state and transient measurements before and after the test, as shown in Figure 1 . The J-V curves measured under 1 sun and in dark are shown in Figure 1b and c. The increase in dark current up to four decades in the low voltage range (0 to 0.5 V) where trapassisted phenomena are generally more evident 21 , suggest that light soaking has induced defect states in the effective band gap of the device.
The ability of the perovskite layer to inject charges into the mesopourus TiO2 layer was measured using Transient Photo-Voltage analysis (TPV) 22 . In particular, the open circuit voltage rise test involves monitoring the photovoltage when the device is taken from a dark steady state, to light source and monitoring the subsequent rise in photovoltage 23 . The concentration of the photoinjected electrons in the TiO2 primarily determines the photovoltage transient profile. In this scenario, the free charge recombination processes within perovskite layer and HTM 24, 25 reduces the build-up of electrons and, hence, the consequent dynamic response of Voc. As reported in Figure 1d , after the stress the device shows an extremely slow Voc rise profile that can be associated to degradation in the perovskite layer and its capability to inject charges into the TiO2 layer.
Differently, the TPV decay test ( Figure 1e ) was performed in order to investigate the interfacial charge-recombination dynamic and its modification after the stress test. Temporal trends were fitted with a tri-exponential decay function (dashed line). The temporal profiles show an evident decrease in the decay time that is around 3 orders of magnitude lower after the light soaking test.
This results strongly confirm the activation of new recombination paths from TiO2 to perovskite and HTM layers.
Complementary information regarding the recombination phenomena are extracted from the light intensity (Pinc) dependence of the Voc and Jsc. Figure 1f shows semi-logarithmic plots of the VOC versus light intensity for the PSC before and after the light-soaking. In particular, the fresh device shows the same slope (149 mVdec -1 ) over 3 decades of irradiation level. Interestingly, the aging process introduces a suppression of the photovoltage in the low level of irradiation (< 10 mWcm -2 ). As demonstrated by Gouda et al. 26 , at these irradiation level the increase of Voc is limited by the TiO2 and the accumulation of the photo-injected electrons, similar to the dye sensitized technology. This is a clear indication of the severe photo-induced degradation of the mesopourus layer. Under intermediate and high light intensity (around 10 to 100 mWcm -2 ), the aged device shows a three-fold increase in the Voc slope (475 mVdec -1 ); further, it has been demonstrated 26 that in this operative region the photovoltage trend is mainly related to the Fermi level in the perovskite 26 . In particular, the higher Voc slope suggests the activation of trap states inside the perovskite layer 27 that can explain the loss in the voltage decay time (Figure 1e ). Similarly, the light intensity dependence of the Jsc is reported Figure 1g . A power law fit of the curves shows that the power index (γ) is almost unity (0.97) before the stress while it reduces to 0.88 after the lightsoaking. This indicates the appearance of bimolecular recombination processes induced by the light stress that degrades the charge collection capability 28 . Therefore, the synergetic effects of the TiO2 degradation and trap state formation inside the perovskite layer combined with the bimolecular recombination evidence lead to a premature loss in performance. The large, irreversible effects evident in the electrical characterization suggest a structural degradation of the perovskite active layer with a rise of unwanted recombination phenomena that prevent charge collection on the outer circuit. Nanoscale changes in the devices were investigated via STEM. Lamellae specimens of fresh and stressed large area cells were prepared using a focused ion beam (FIB) approach, according to the procedure described by Langford et al. 29 After preparation, each cross sectional specimen was immediately transferred to a FEI Tecnai Osiris TEM/STEM operating at 200 kV. The HAADF (high angular annular dark field) STEM images of Figure 2 show a comparison of the two cells. When the thickness of the specimen is constant as in our cross sections, the intensity of HAADF STEM images is approximately proportional to the square of the atomic number 30 , therefore allowing a qualitative interpretation of average composition. Perovskite infiltration in the mesoporous titania scaffold layer appears incomplete and inhomogeneous in both cells, with voids of the order of 200 nm in diameter. This was not observed in small area devices 18 and hence it is likely due to the up-scaling of the synthesis process and characteristic to the central region of the large area devices. In Figure S1 we report cross sectional images acquired in peripheral areas of the devices, showing a more homogeneous structure. The fresh cell shows a well formed continuous perovskite layer, with an average thickness of 145 ± 42 nm. We clearly observe the formation of clusters containing heavy elements in both the perovskite and the mesoporous layer after 200h of light soaking. In the stressed device the perovskite layer appears degraded, in particular at the Spiro-OMeTAD / perovskite interface, where we also notice the presence of heavy element aggregates of the diameter of tens of nanometers. The average thickness in this case decreases to a value of 108 ± 27 nm and the perovskite layer appears discontinuous but smoother where still present. This severe variation in terms of average thickness might be related to the evaporation of the iodine and organic species 31, 32 .
The chemical and physical degradation at the active layer/hole transport layer and hole transport layer/cathode interfaces has been reported as one of the first causes for the reduction of the cells performance 33, 34 .
Additionally, to prove the validity of the sealing procedure we report HAADF STEM images of the HTL in S2. The HTL is still continuous and voids-free, indicating that no air infiltration occurred. To further investigate the nature of the gaps along the mesoporous layer as well as the chemical composition of the heavy inclusions in the stressed device we performed EDX analysis with nanometric resolution. EDX data were then treated within Hyperspy 35 , an open source multivariate statistical analysis tool-kit, in order to increase the signal to noise ratio and obtain more detailed and quantitative EDX maps 36 . The application of this method plays a key role in the analysis of data acquired with limited electron doses, representing a crucial characterization tool in the analysis of beam sensitive materials such as halide perovskites. Figure S1 shows quantitative elemental EDX maps of the representative elements in the fresh device. We note that the amount of cobalt added as Spiro-OMeTAD dopant (less than 0.1 at%), is below the detection limit of this technique. The large voids in the fresh cell appear to be filled with carbon, which might derive from different sources -the methylammonium cation in the halide perovskite, the Spiro-OMeTAD hole transporter, or can be deposited with the electron beam during TEM analysis and sample preparation. STEM/EDX is not sensitive enough to discriminate between the carbon deriving from these possible sources. Figure 3a ). This phenomena was recently also observed by Domansky et al. using ToF-SIMS on cells exposed to light soaking at 70 °C for 15h 17 . To distinguish between the effects of the two factors -light and temperature -we performed the light soaking keeping the PSC at room temperature. Unambiguously, we find that the gold migration is induced by the light-soaking stress and in particular by electromigration. The driving force for the gold migration lies thus in the electric field created in the device under operational conditions. The effect of the temperature on the gold migration is just to accelerate the kinetics of the process. This is confirmed by our previous investigation 37 where in situ measurement at different temperature stress did not show gold migration. Moreover using STEM EDX we are able not only to identify the presence of gold within both the perovskite active layer and the mesoporous layer, but also to determine the morphology of these defects within the cell. The gold EDX map in Figure 3b clearly shows that the dense clusters observed in the STEM images are gold aggregates.
We speculate that these clusters agglomerate preferentially in specific regions, where defects or voids in the cell were initially present.
The use of denoising algorithms such as Non-negative Matrix Factorisation (NMF) 38 allowed us to investigate in detail the migration of atomic species through the Spiro-OMeTAD layer, in particular gold ( Figure 3c ) and iodine (Figure 3d ). Under light soaking, gold appears to diffuse through the HTL and aggregate at the interface with the perovskite active layer, while iodine migrates from the perovskite layer towards the gold electrode. Iodine then accumulates at the interface HTL/gold. Therefore, we conclude that the driving force for elemental species diffusion is a combination of applied electric field and light exposure. In particular we suggest that gold migrates through the HTL and gets pinned at nucleating regions, corresponding to local defects in both the perovskite layer and the mesoporous titania scaffold, where the clusters can grow through Ostwald ripening. A similar light induced gold cluster growth mechanism has been described by Liu et al. in the context of semiconductors for nano-catalysts 39 . We identify gold elemental migration as one of the causes leading to the loss in performance of the cell upon light soaking.
This unwanted gold diffusion might induce a degradation of the electronic properties of both the hole transport layer and the active perovskite layer. It is interesting to note that the controlled introduction of gold nanoparticles within solar cells has been widely investigated in the context of plasmonic photovoltaic devices. Plasmonic nanoparticles have been included in the HTL 40 , in the perovskite layer 41 as well as in the mesoporous layer 42 obtaining an enhancement in terms of absorption and photocurrent generation of the device 43 . Nevertheless, the presence of gold nanoparticles has several drawbacks that need to be considered, such as the introduction of parasitic absorption, the possibility that gold aggregates act as carrier recombination centers and the risk of shorting out parts of the cell. Additionally, an uncontrolled nucleation and growth of gold nanoparticles does not allow to reach a good compromise between an increase in the spectral absorption and a potential degradation 44 . Finally, we investigate the changes in the perovskite active layer composition. Figure 4 compares the relative proportions of iodine and lead in the perovskite layer for the fresh and stressed cells.
In the fresh sample the ratio is close to the stoichiometric value of 3, whereas we observe a reduction down to 2.75 in the stressed cell. This is a further confirmation of the perovskite degradation due to iodine migration, causing a reduced photocurrent generation. Our results are in line with the structural modification reported by Lejitens et al. 45 after applying an electric field on a CH3NH3PbI3 thin film. The electric field created under working condition has induced the migration of iodine ions within the HTL.
The effects of a long term light soaking test under electrical bias on a large area perovskite solar cell have been investigated at the nanoscale, showing a direct link between the reduction of the photovoltaic parameters and the chemical and structural degradation of the cell. In particular we observe the formation of gold precipitates at the interface between Spiro-OMeTAD and perovskite and of bigger clusters within the perovskite active layer and the mesoporous layer. The permeation of gold inside the mesoporous TiO2 layer could result in a large increase of recombination paths for the photo-injected electrons and, hence, a decrease in the charge collection efficiency, as observed in the trends of the photovoltaics parameters in the long term test. Additionally, the obvious decrease of the short circuit current Jsc and the rise of the recombination processes, highlighted by both steady state and transient measurements, can be directly related to a morphological and chemical degradation of the perovskite layer due to the loss of iodine upon migration. All these phenomena lead to a decrease in photovoltaic parameters, as they affect charge generation and transport within the device.
The proven diffusion of Au and I induced by the light-soaking stress calls for a new stabilization strategies of PSC. Firstly, it is necessary to reduce this diffusion by employing alternative HTMs
